In this article, temperature-responsive window system based on phase change materials is studied by using experimental and numerical methods. The problem is analyzed for the real case (natural environment) and lab environment. Impact of glazing cavity size on the temperature flattening period and its limitations are determined and mathematically described. The results show that the design is effective in reducing interior air temperature variation by increasing the cavity thickness up to 24 mm, which is limited by solid/liquid volume fraction for particular environment.
INTRODUCTION
Rapid increase in world energy consumption caused increased consumption of non-renewable energy sources. Participation of the building sector through heating and cooling in global energy consumption is notable and takes up to 40% [1] . To preserve non-renewable energy sources and reduce carbon emission, it is necessary to reduce building energy demand through implementing passive design concepts [2] or reduce electricity consumption through heat storage systems suitable for off sunshine hours [3] .
In terms of heat transfer, windows are the weakest components of buildings exposed to direct sunlight thermally coupling the occupant space with the exterior ambient. To reduce heat gain through the window, traditionally exterior or interior sun shading solutions are considered and recently integrated glazed solutions as well.
Emerging technologies based on integration phase change material (PCM) in glazing and shading solutions show the potential to enhance the thermal performance of buildings [4] . These technologies are focused on reducing interior temperature variation through storing solar energy in form of latent heat for later usage. Application of these technologies in building components may provide a high energy storage density per unit of mass at constant or nearly constant temperature [5, 6] . Heat gain to the interior can be reduced by extending the period of PCM melting, which can be provided by adding thicker layer of the PCM.
Literature review
Thermal and optical aspect of PCM interior and exterior shading devices and integrated PCM-glazed systems were studied using experimental and numerical method.
Interior PCM-shading systems were studied mainly by using experimental methods. Weinlaeder et al. [7] investigated thermal aspect of PCM-filled vertical slats. Mehling [8] presented the application of the PCM in the interior horizontal blinds applying hydrated salt. Result show that temperature variation is reduced for 2°C and the attenuation effect on the interior air temperature is observed with the help of PCM sun shading system [8, 9] . The main drawback of interior shading devices with PCM is delayed heat gain to the interior in which all accumulated heat enters the interior.
Exterior PCM-shading systems were studied by using numerical and experimental methods. Alawadhi [10] in his study used a finite element model for numerical simulations of heat transfer in a window with exterior shutter containing PCM. Soares et al. [11] used two dimensional numerical simulation models for analysis a southward PCM shutters system for winter mode. Exterior window shading elements with PCMs were also studied by Buddhi et al. [12] . They study the thermal performance of a wooden box having a PCM window in south direction. Experimental study using full scale window shutter with PCM also show potential for the thermal regulation of indoor spaces [13] . Main drawback of exterior shading solutions is highly reduced light to the interior.
As integrated PCM-shading system, Merker et al. [14] have published results of shading system development of a new PCM-shading system to avoid overheating around the window area. Similarly, Ismail and Henriquez [15] studied the possibility of using a window with a movable PCM curtain. They performed numerical and experimental study for double glazed windows using PCM in the cavity. The system is dependant of pump, controller and electricity. Due to many components included in the window system it may be expensive and complicated to operate for end user. Goia et al. [16] conducted experimental studies to assess of the thermal behavior of a PCM glazed system, and used basic numerical model for simulation of different configurations of PCM glazed system [17] . The results presented show that thermal comfort can be improved [18] . Also, degradation of PCM applied in full scale glazed system may happen due to thermal cycling [19] . Double glazed PCM system to be suitable for summer and winter mode interchangeably must use PCMs with phase transition temperature lower than the room temperature in winter [20] . Otherwise, experimental and numerical studies show that thermal insulation and load shifting effects will reduce energy consumption only for typical sunny and rainy summer days [21, 22] . Relatively long periods of sun combined with high exterior temperatures are required for phase transition in full scale PCM-filled window. Thus, low potential of application of the window system in Nordic climate is presented [23] . Thermal performance of the glazed system can be increased by increasing latent heat of fusion of a PCM and by selecting temperature transition from the range of 25-31°C [24] .
Impact of optical properties on the thermal performance of the PCM-filled double glazing system is notable and effect of PCM phase is also strong [25] . Different thermophysical parameters of PCM such as latent heat of fusion can enhance thermal energy storage capacity of the glazing system [26] . Spectral and angular solar properties of integrated double glazed system in the range of 400-2000 nm show highly scattering effect in the solid phase of the PCM layer, with increasing weight of the direct-to-scattering transmission mode as the PCM layer thickness increases [27] , while radiation absorption dominates in the liquid phase [28] .
Performance assessment of a novel window system design based on PCM and its ability of reducing temperature variation are subject of this research. The significance of research is reflected in the contribution to the development of temperatureresponsive window system based on the energy storage with the aim of reducing building cooling demand. Having in mind the advantages offered by PCM window systems in terms of storing and releasing of the heat, it is found worthily of attention to investigate this subject in terms of impact of cavity layer thickness to A/C unloads hours and recommend suitable cavity for the window exposed to radiative environment and environment with no radiation.
Problem description
The needs for this study are reflected in its contribution to the development of environmentally responsive building components [29] based on the energy storage that will reduce building energy demand and foster passive design strategies.
The previous studies were focused on possibilities of application of the PCM in interior, exterior and integrated shading devices. The solutions offered were not optimized and it is difficult to draw conclusions from the studies about optimum thickness of the PCM layer in the glazing system and its limitation factors. Therefore, the submitted work extends the previous studies related to integrated glazing solutions; in particular investigates impact of the cavity thickness to the glazing system performances using experimental and numerical methods.
The aim of this study was to optimize PCM layer thickness applied in an integrated glazed system through improving thermal performances of the system (such as increasing temperature transition period and reducing temperature variation), and investigate limiting factors using numerical and experimental study.
A double glazed window system model was considered for the purpose of this study. The model separates a part of space called exterior-air conditions from a part of space corresponding to typical interior-air conditions is shown in Figure 1 . The space between the glazings is filled with a PCM or the air for comparison.
In the study, two cases are of primary interest: (i) the window model exposed to exterior air temperature variation only and (ii) the window model exposed to exterior air temperature variation including solar irradiation. The former represents a typical north-facing orientation of the window, while the latter represents a typical south-facing orientation of the window, as two extreme cases of the heat transfer expected in practice.
The following assumptions are adopted: the PCM does not undergo hysteresis during thermal cycle; undercooling and
Exterior-air conditions
Interior-air conditions PCM nucleation effects are neglected during thermal cycle; heat losses through the side walls surrounding the window model are neglected (considered as adiabatic walls); all the radiating surfaces (including the sky, ground and surrounding objects) are at the same temperature as the outdoor air temperature; diffuse heat flux is neglected.
RESEARCH METHODS

Experimental method
Two different experimental setups were used, one for laboratory setting, another for natural settings resembling living rooms. Experiments conducted in natural environment include all three heat transfer modes (solar radiation, convection and conduction), while experiments conducted in the laboratory environment includes only convection and conduction. The schematic diagram of the experimental setups used for analysis of the melting and solidification characteristics during heating and cooling processes are shown in Figure 2 . Figure 2a represents natural environment setup. In this configuration test samples were exposed to natural ambient, which represents exterior, while Chamber#1 and Chamber#2 represent interior. Figure 2b represents laboratory environment. In this configuration Chamber#1 represents exterior while and Chamber#2 represent interior.
Referring to Figure 2a experimental setup consisted of a chamber with windows facing to the south to catch maximum possible sun radiation energy. To test two samples at the same time, the chamber was built out of styrofoam thickness of 5 cm with dimensions W × L × H = 100 × 50 × 50 cm 3 , and divided in to two smaller chambers with W × L × H = 50 × 50 × 50 cm 3 . Dimension of the window samples tested in each experimental setup were W × H = 30 × 41 cm 2 . The thicknesses of the glass and the cavity were 4 and 12 mm, respectively. The temperatures were measured and recorded in chambers and at the interior glass surface of each window (T 4 temperatures) using surface temperature probe. At the same time irradiance was recorded at the exterior glass surface (P2-vertical surface). For most of the test period the weather conditions were clear sky with the average air temperature of 25°C over the day and the peak sun radiation on the vertical plane of 500 W/m 2 . Referring to Figure 2b , convective heat transfer experiment was conducted in the lab environment using two test chambers. Chamber #1 represent exterior environment while chamber #2 represents interior environment. The chambers were made out of 25 mm plywood with dimension of each chamber W × L × H = 120 × 75 × 75 cm 3 . On the interior side of the chamber was glued 5 mm cork sheet.
In Chamber #1 heat supply is provided by a heater by taking the fresh air from the outside of the chamber end enters it to the chamber at the bottom while exhausted air leaves the chamber at the top. Chamber #2 represents interior environment with an interior design temperature for summer season of 24°C. Temperature control in each chamber is achieved by using controller connected to the PC. To describe temperature variation of an average summer day, temperature control function (Eq. (1)) is used with assumption that the temperature variation over a 24-h cycle (ω) takes place per sine function in the chamber #1. where, T e,max is maximum daily temperature in Chamber #1 in°C (at noon reaches daily values of 35°C), T e,min is minimum daily temperature in Chamber #1 (falls to the value of 17°C), ω is the cycle length in seconds. The temperature of the room in which chambers were placed over day-night cycle was in the range 10-14°C. This ensures the cooling of the chamber #1 at minimum temperature.
Computational method
Heat transfer as well as the flow of the PCM liquid-phase are governed by the conservation equations of continuum mechanics, describing the balance of mass, momentum and energy [30] : 
The mass and momentum Equations (2) and (3) are solved in liquid-phase regions only, while the energy equation is solved both in the liquid and the solid phase of PCM.
In the equations given above, V is the control volume bounded by the closed control surface → S , t is the time, ρ is the density of the material, → v is the velocity vector of the liquid phase of PCM, p is the pressure of the liquid phase of PCM, σ ns is the shear stress tensor, h is the specific enthalpy, T is the temperature, λ is the thermal conductivity, q is the volumebased heat source or sink and q S is the surface-based heat source or sink.
Non-spherical part of the shear stress tensor σ ns is related to the shear rate ε̇using linear relation for Newtonian, incompressible, viscous fluids: μ σ ε =2 ns , where μ is the dynamic viscosity of the liquid phase.
The specific enthalpy arising in Eq. (4) is defined as follows:
where c p is the specific heat capacity of the PCM, H L is its latent heat of phase change and f S is the volume fraction of the solid phase. In this work, the volume fraction variation with temperature is adopted to be linear from 1 to 0 between solidus and liquidus state. The material properties, density, specific heat capacity and thermal conductivity, are assumed to have constant, but different values depending on the phase of PCM.
Substituting h in Eq. (4) by Eq. (5), the latent heat contribution is added to the volume-based heat source term q. The surface-based heat source q S may include the contribution of the solar radiation in the cases where this is taken into account.
The computations are done using commercial CFD software STAR-CCM+. The equation discretization allows the use of unstructured computational grids consisting of arbitrary polyhedral, contiguous, non-overlapping cells in the domain of interest and follows the finite-volume approach by Demirdžić and Teskeredžić et al., which is reported in STAR-CCM+ User Guide [31] . In this work, however, Cartesian grids are used due to simple geometry of the problem under consideration. The conservation equations are applied to the solution domain as a whole, as well as to each cell in the grid. Assembling discretized conservation equations for each cell, systems of equations are built for velocity and pressure (in the liquid phase only) and temperature (in both phases) at the cell centers, and are solved sequentially in turn [30] . The method results in discretization error of the 2nd-order both in space and time.
The radiative heat transfer is calculated using surface-tosurface model. The net radiant flux on each surface in the domain is calculated demanding the equilibrium of radiative transfer over the entire closed set of surfaces, which depends on how each surface exchanges radiation with all other surfaces. This is accomplished by having the surfaces subdivided into patches and calculating the view factors for all patch pairs [31] .
Radiative heat transfer equation and energy equation are linked on the glazing boundaries via the surface-based heat source q S = q b,rad , so that the net radiative flux (absorption minus emission) is added to the boundary heat flux caused by convection and conduction:
where,
with τ f is transmissivity of patch face, I f irradiation at each patch face and J f is radiosity of the patch face and represents reflected and emitted radiation. When the incoming radiation component is to be neglected, for example, in the case of cloud weather, night time or northfacing window, q b,rad is set to 0. Figure 3 shows the computational model considered in this article. The model loses or gains heat from the internal and external ambient by conduction, convection and radiation.
Computational model
The glass thickness is L g is 4 mm, while the cavity between the glass plates L cavity varies between 6 and 30 mm. The weather [32] . Irradiance I n (t) on the exterior surface #1 changes per the following function:
where, I n (t) is the incident solar radiation at any given time on the vertical plane (exterior glass surface) in W/m 2 , I n,max is the maximum solar radiation per a cycle W/m 2 , t is the time in s, ω is a day period in hours. Irradiance simulation has been carried out for the following conditions:
The side boundaries are regarded as adiabatic, implying herewith a 1D analysis in horizontal direction. Depending on the spacing between the glass plates (from 6 to 30 mm), the number of cells across the cavity was changed linearly from 20 to 100. The adopted time step size is reduced down to 4 s, which is found to be sufficiently fine with respect to the characteristic period of temporal variations. The computational models are exposed to heat variation originating from sun radiation and external air temperature over a 2 × 24 h cycle [33] .
The PCM applied in simulations and experiments is commercially available paraffin RT27 from Rubitherm GmbH. The physical properties of the PCM used in the simulation are given in Table 1 , based on the manufacturer's technical datasheet [34] , while the properties of air are taken from the standard literature [35] . (Figure 4a and b) , heat transfer rate is lower and the phase transition periods (melting and solidification) are longer, thus interior surface temperature becomes less affected.
RESULTS AND DISCUSSION
Comparison of a PCM-filled and an air-filled window
Including previously defined solar radiation and exterior air temperature change defined by Eqs. (1), (7) and (8) in the simulation model, and referring to Figure 4 , the temperature response (T 4air-sim , T 4pcm-sim ) on the interior glass surface for different materials in the cavity provides similar trend as the recorded temperature history during the experiment (T 4air-ex , T 4pcm-ex ). The measured temperatures have some deviations from day to day caused by variable real conditions, clouds and the exterior air temperature fluctuation (T e ), but the overall computed and measured temperature history responses on the interior glass surface have acceptable matching trend. Thus, the computational model can be used as a good predictor of the window system performances for different cavity sizes.
From the experimental results given in Figure 4a and b, it is seen that, despite higher thermal conductivity of the PCM (Table 1) , the peak temperatures are close in both cases. The increase of temperature in the case of PCM is slowed down by the heat accumulation, and it can be further reduced by adopting appropriate cavity thickness. Low heat conductivity of the air qualifies the air as good insulator (in absence the radiation), resulting in a moderate variation of T 4 temperatures. In presence of the radiation, the air has high temperature variation and consequently higher impact to the heating/cooling load than the PCM sample.
The noise occasionally observed in the irradiance records (and consequently in the resulting temperatures) is mostly caused by presence of clouds. Air model temperature on the interior surface (T 4air ) is more sensible to the change of the sun radiation flux. Compared to the PCM sample, the air model maintains higher temperature in the period from the start of melting process to the start of the solidification process. This period is considered as heat gain period in which the air filled cavity admits more solar irradiance to the interior than the PCM sample. Overall, the peak temperature associated with the air sample is higher for about 3°C, and the sun radiation is transmitted easily through the glazings by affecting the interior immediately with no temperature shift. PCM sample has approximately three hours delay of temperature increase during the melting process. At the end of the melting process, instantaneous temperature jump is observed. Visualization of phase transition process between glazings caused by solar radiation during the experimental setup is shown in Figure 5 . Figure 5a was taken right after experimental setup and shows the start of the phase transition where the small portion of the liquid phase is observed in the cavity. Solid phase can cause visual discomfort in practice thus may have limited Table 1 . Physical properties of the PCM Rubitherm RT 27 and air. applications. Figure 5b and c shows solid and liquid phase distribution at two different instants of time. Solid phase remains on the bottom during the process of melting, which is caused by liquid phase convection. Warmer liquid phase, which has lower density, has tendency to flow upwards. This phenomenon causes non-uniform heat transfer through the glazing area and the temperature distribution over solid and liquid phase on the glazing area varies. Figure 5d shows the glazing sample right after the melting process is completed with liquid phase only. Liquid phase appears randomly and it is characterized by increased thermal conductivity compared to the air (about 8 times), and therefore sudden temperature rise (T 4pcm ) is noticed, as shown in Figure 4 . The solidification process is initiated from glazing surfaces and ends in the core of the cavity, which is not shown in this work. In further computations regional and weather parameters have been adjusted to fit average conditions in a typical summer day. The following parameters have been used for the computation. The exterior temperature changes from 17 to 34°C in the cycle while indoor temperature was kept constant at 24°C and the peak of the sun radiation on the exterior vertical glass surface reached 500 W/m 2 . The interior temperature was kept constant at 24°C. The following values of each glass surface are used: emissivity = 0.8, transitivity = 0.88, absorptivity = 0.031.
Impact of PCM thickness
Both cases (without and with radiation) show lower temperature variation of the PCM-filled model on the indoor glass surface compared to the air-filled model. Thus, in further numerical study the PCM sample is selected to investigate impact of the PCM layer thickness to thermal performance of the window. Contribution of the PCM layer thicknesses to the inactivity time of air conditioning (A/C) system and its relationships are investigated and maximum layer thickness is determined. Figure 6a shows the indoor glass surface temperature histories for various cavity thicknesses over 24 hour cycle in presence of radiation. Figure 6b shows A/C inactivity period and solid/ liquid volume fraction of the PCM for different cavity sizes. A/ C inactivity period is determined from temperature histories and represents the time needed to increase interior glass surface temperature from 23.5 to 26.5°C.
With the increase of the PCM layer thickness, there is increase in peak-temperature delay during melting process and temperature variation in melting and solidification process is damped by flattening temperature curve. The flattening of the curve contributes to air-conditioning (A/C) inactivity period. A/C inactivity period is defined as time needed to increase interior glass surface temperature from 24 to 26°C, while the interior air temperature remains 24°C.
It was observed that the period of inactivity of A/C system in this case is limited by the remaining fraction with uncompleted phase change, both during melting or solidification period.
In absence of the radiation component, the inactivity period grows quickly up to 19 mm cavity and then slows down. Due to heat insufficiency for melting in daylight period a portion of the solid phase of the PCM remains for the cavities over 19mm. Thus, the cavity of 19 mm may be recommended for design in cases such as north-facing windows. Adopting the thickness beyond this limit will increase unnecessary cost without significant contribution to the A/C inactivity period, as depicted in Figure 6b (lines A and B) .
Another numerical computation was done for the case of the window exposed to the solar radiation and convection. Unlike convection, radiation combined with convection has a linear relationship between the inactivity period and the cavity size described by Eq. (9) Figure 6 (b) (C-line).
where, x is the cavity thickness in mm. It was observed that whole solid phase turns to the liquid for each considered cavity size while some portion of the liquid phase during the solidification process for cavities over 24 mm do not solidify before a new melting process starts next day. Thus, it is meaningless to increase cavity size over 24 mm because the portion of the PCM that is able to solidify over night is limited. Only solidified amount of the PCM will be able to absorb solar radiation and reduce temperature swing next day. By adding more PCM to the cavity will increase cost only. Remaining liquid phase has linear relationship between the inactivity period and cavity size Eq. (10) Figure 6b Air filled window have poor potential of increasing unload hours. There is linear relationship between A/C unload hours and cavity size shown in Figure 6 (b) (E-line) and described by the following equations:
Compared to the air filled window, the PCM window is able to provide longer A/C unload time over various cavity sizes and prevent more heat gain to the interior. The result of this study are also compared with the previous studies and discussed in Table 2 .
As previous studies have not considered the optimal thickness of the PCM layer between glazings thus, shorter periods of phase transitions are obtained. Taking into account the optimal thickness of the PCM layer, the glazing system can improve thermal performances, extend the phase transition period and reduce building energy demand.
CONCLUSION
Experimental and numerical study on a PCM window sample exposed to the environment with and without radiation is studied and the results are compared to the conventional air filled window. In the numerical model, experiments are used for validation of convective-conductive and radiative component of heat transfer separately.
The air sample due to low specific heat is not able to absorb the solar radiation, which is mainly transmitted to the interior, resulting in increasing the interior glass surface temperature. Once the sun sets and exterior air temperature goes down it is reflected on the interior surface temperature fluctuation.
The PCM sample has less temperature fluctuation and is able to accumulate the heat from convective and radiative components in form of latent heat by keeping lower interior surface temperature in the vicinity of phase transition temperature. The result is delaying overheating of the interior for the period needed to melt the material. Once the PCM is completely melted, there is instantaneous jump of heat gain mainly due to radiation. Melting and solidification periods can be extended by increasing the thickness of the cavity.
Simulation results show that the increase of PCM cavity thickness increases the benefit to the A/C unload hours. The increase of the cavity thickness is beneficial, but limited by solid/liquid phase volume fraction. Thus, no more than 24 mm cavity is recommended for the PCM-filled window exposed to the radiation, otherwise no more than 19 mm cavity is recommended in absence of the radiation. 
